Husn, were screened for wheat stem rust (caused by Puccinia graminis) and Fusarium head blight (FHB) (caused by Fusarium graminearum) reaction and evaluated for winter hardiness and perenniality. Twenty-four of 48 amphiploid lines were resistant to all stem rust races screened, including TTKSK (syn. Ug99), TrTTF, and common U.S. races. of the 30 amphiploid lines point inoculated with F. graminearum, 21 were resistant based on the percentage of infected spikelets and the percent of visually scabby kernels. Three sources each of potentially novel stem rust and uncharacterized FHB resistance were identified and may be useful for wheat improvement. Two lines showed perenniality in Minnesota and may be valuable as coldtolerant perennial wheat germplasm. Seven lines representing two families showed potential genetic stability based on chromosome counts and seed production.
races of stem rust and more effective resistance to FHB is increasingly important.
Resistance to many diseases of wheat has been identified in diverse Thinopyrum spp., but only a few wheatgrass genes from a limited number of accessions have been used to improve wheat (Table 1) . Thinopyrum ponticum is the source of stem rust resistance genes and leaf rust resistance genes (caused by Puccinia triticina) Sr24 linked with Lr24 (McIntosh et al., 1977; Li et al., 2003) , Sr25 linked with Lr19 (McIntosh et al., 1977; Zhang et al., 2005) , Sr26 (Knott, 1961) , Sr43 (Kibirige Sebunya and Knott, 1983; Friebe et al., 1996) , FHB resistance (Shen and Ohm, 2007) , and powdery mildew (Blumeria graminis f. sp. tritici) resistance (Sepsi et al., 2008) . Thinopyrum intermedium is the source of Sr44 (Friebe et al., 1996) . Resistance also has been identified in T. intermedium to eyespot {caused by Tapesia yallundae (Wallwork and Spooner) and Tapesia acuformis (Boerma, Pieters and Hamers) Crous [anamorph Pseudocercosporella herpotrichoides (Fron.) Deighton]} (Cox et al., 2005) and barley yellow dwarf virus (Brettel et al., 1988; Banks et al., 1993) . Fusarium head blight resistance has been mapped in T. ponticum to chromosome 7E (Shen and Ohm, 2007) and identified in T. intermedium and Thinopyrum junceum (L.) Á. Löve (Oliver et al., 2005) . Recent studies showed high levels of resistance to FHB (Oliver et al., 2005) and stem rust (Xu et al., 2009 ) in several wheatgrass species. Therefore, further evaluation of Thinopyrum spp. as donors of disease resistance may provide additional novel genes for wheat improvement.
In addition to wheat improvement, there is a growing interest in developing perennial wheat as a grain crop. Compared to annuals, perennial species retain higher soil fertility (Culman et al., 2010) , prevent loss of N and P through surface runoff (Turner and Rabalais, 2003) , protect against soil erosion, and are more resilient to pathogens and abiotic stresses (Glover, 2005) . Molecular markers, genetic mapping, and sequencing methodologies are being used to understand the genetic control of perenniality and to improve perennial wheat germplasm more rapidly. Cytological characterization has shown that genetically stable lines demonstrating perenniality have 42 or at least 56 chromosomes (Tsitsin and Lubimova, 1959; Scheinost et al., 2001; Hayes et al., 2012) although lines with 42 or 56 chromosomes are not always stable. Seed production can also be a good indicator of stability. Already, one measure of perenniality, post-sexual-cycle regrowth, has been mapped to the short arm of chromosome 4E in Thinopyrum elongatum (Host) D. R. Dewey (Lammer et al., 2004) . Additional marker resources could be used to identify additional genomic regions contributing to perenniality and agronomic traits of importance.
Based on disease threats to wheat production and recent work with perennial wheat, this study investigated the potential utility of new wheat-wheatgrass partial amphiploids developed at The Land Institute for disease resistance and as a perennial crop in Minnesota. The objectives of this research were to 1. Identify resistant wheatgrass-wheat lines to stem rust and FHB, 2. Determine if stem rust resistance identified in these materials is novel, and 3. Assess perenniality and winter hardiness of wheatwheatgrass partial amphiploids in Minnesota.
MaTERIaLS aNd METHodS

Plant Materials
Fifty-two F 2 to F 7 families from 17 partial amphiploid wheatwheatgrass lines were developed at The Land Institute in Salina, KS, beginning in 2001 ( (Refoufi et al., 2001) ] by annual wheat [Triticum aestivum (2n = 6x = 42; AABBDD), Triticum turgidum subsp. carthlicum (2n = 4x = 28; AABB), Triticum turgidum subsp. durum (Desf.) Husn. (syn. Triticum durum Desf.) (2n = 4x = 28; AABB), and triticale (×Triticosecale) (2n = 6x = 42; AABBRR)]. These lines were initially developed for perenniality and high yield, with complex pedigrees involving one to two perennial wheatgrass species and one to four annual wheat lines using embryo rescue. Lines were self-pollinated resulting in F 2 to F 7 generation seed. Lines were advanced in the greenhouse. The probability of cross-pollination was low in the greenhouse due to limited pollen flow.
Parental lines used to develop the partial amphiploids were obtained through the National Plant Germplasm System from the Small Grains Collection 
Stem Rust Screening
Stem rust screenings were similar to previously described screenings of wheatgrass species by Xu et al. (2009) and were based on methods described by Jin et al. (2007) . For each race, five seeds per genotype were planted in the USDA-ARS Cereal Disease Laboratory greenhouses in St. Paul, MN. Seedlings were inoculated 10 d after planting, incubated for 16 h in a dark dew chamber at 18°C, and scored 14 d after inoculation using a modified rating score of 0 to 4 (Stakman et al., 1962; Roelfs, 1988) . Ratings of 0, ;, 1, 2, or any combination with these ratings were considered resistant. Ratings of 3 or 4 were considered susceptible. An "X" rating describes a resistant response with a mixture of infection types. Amphiploid lines were represented by 5 to 10 seeds for each race screened. Parental lines were represented in total by 15 to 20 seeds for each race. Susceptible checks LMPG-6 and McNair 701 were used as controls in each screening. Stem rust races TTTTF, TTKSK (Ug99), and TRTTF (Yemen) were selected due to high virulence and TPMKC and MCCFC races were selected due to historic prevalence in the United States (Kolmer et al., 2009 ).
Fusarium Head Blight Screening and Seed Production
All lines were planted in the greenhouse in November 2009; lines producing more than five seeds per plant on average were evaluated for FHB resistance. Eight additional lines that had produced more than 100 seed per plant in past greenhouse trials in Kansas were also included.
Thirty amphiploid lines, 29 parental lines, resistant checks 'Alsen' (Frohberg et al., 2006) and 'BacUp' (Busch et al., 1998) , and susceptible checks 'Roblin' (Campbell and Czarnecki, 1987) , 'Wheaton' (Busch et al., 1984) , and MN00269 were screened with a single isolate, Fg4, of F. graminearum. Plants were initially vernalized for 7 wk at 4.4°C and moved to the greenhouse. The greenhouse was maintained at 20°C with 16 h of light daily. In greenhouse trials during fall 2010 and spring 2011, five square pots (12.7 cm wide) with four plants per pot were planted in complete blocks over two planting dates, 1 wk apart. On average, 21 total heads per amphiploid line were inoculated over the two greenhouse seasons. Individual spikes were inoculated using the point inoculation technique described by Liu et al. (2006) by injecting 10 μL of inoculum at a concentration of 100,000 spores mL -1 into the central spikelet of one spike per plant at anthesis. The number of infected spikelets recorded 21 d after inoculation and visually scabby kernel counts measured disease severity. The percentage of infected spikelets was calculated to account for size of head. Since some lines showed partial sterility, seed set was measured in a noninoculated spike from each inoculated plant. Tests of significance were conducted by ANOVA and the LSD test (a = 0.05) was used for mean separation. Greenhouse tests were combined based on Levene's test showing equal variance for number of infected spikelets (p = 0.363) but were not combined for percent infected spikelets (p = 0.0162) or percent visually scabby kernels (VSK) (p = 0.0413) due to significantly different variances. There was a significant interaction between lines and greenhouse test, but in figures we report averages across the two greenhouse tests for simplicity.
Marker Screening for Known Stem Rust Resistance Genes
Partial amphiploids and parents used in crosses were screened with molecular markers to assess whether stem rust resistance in the amphiploid lines differed from previously identified resistance genes from Thinopyrum spp. Lines were represented by three bulk samples of four individuals each. Young leaf tissue was harvested for DNA extraction with methods described by Riede and Anderson (1996) or by using a Biosprint 96 DNA Plant Kit 571 (QIAGEN Inc.) according to the manufacturer instructions. Polymerase chain reaction amplified DNA fragments associated with known wheatgrass resistance genes using markers Sr24#12 and Sr26#43, described by Mago et al. (2005) , and BF145935 for Sr25, described by Liu et al. (2010) . 
Field Evaluation
Chromosome Counts
Twenty-four partial amphiploids demonstrating perenniality, potentially novel stem rust resistance, or previously uncharacterized FHB resistance were characterized genetically with chromosome counts. At least five seeds per line were germinated and root tips harvested after 3 to 5 d. Root tips were treated with N 2 O to arrest meristematic cells in metaphase, based on modified methods described by Kato (1999) . Root tips were placed inside a closed chamber with 1068.7 kPa N 2 O in moist petri dishes for 2 h. Treated root tips were then fixed with 3:1 C 2 H 6 O (ethanol):CH 3 CO 2 H (acetic acid) at 4°C for a minimum of 24 h, stained with acetocarmine for a minimum of 72 h, and stored in 70% ethanol at 4°C. Root tip squashes were viewed with a microscope at 400× magnification. For each individual seed, five to six cells were counted to achieve consensus.
RESuLTS aNd dISCuSSIoN Stem Rust Resistance in Thinopyrum Species
All 13 parental Thinopyrum accessions were highly resistant to all races of stem rust screened, with infection types of 0, ;, or ;1 ( Fig. 2 and 3 ; Supplemental Table S1 ). Resistance to stem rust segregated (ranging from 0; to 3) in the majority (11 of 13) of wheatgrass lines (Supplemental Table S1 ). The difference in infection types within accessions indicates multiple resistance genes could be involved. Xu et al. (2009) identified T. junceum lines AJAP7 and AJAP8 with infection types ranging from 2 to 2++ for races TTTTF and TTKSK. The T. junceum accession PI 414667 tested in this study had a lower infection type (0; to 3) and was negative for Sr24, Sr25, and Sr26 markers (Supplemental Table S1 ) suggesting these lines represent a different source of resistance.
Stem Rust Resistance in Triticum Species
Five of 20 parental annual wheats and triticales were resistant to all stem rust races screened (Fig. 2) . These included wheat cultivars TAM 110 (Lazar et al., 1997 (Lazar et al., ), al., 2004 , T. turgidum subsp. carthlicum PI 573182, Presto and PI 386154 triticales, and PI 634318 durum exhibited resistance to some races (Supplemental Table S1 ).
Only 3 of 23 annual wheat and triticale parents tested positive for markers for Sr24 (McCormick) or Sr25 (triticale lines NE95T441 and NE422T, previously characterized as moderately resistant [Baenziger and Vogel, 2003 ]) KS95WGRC33, and McCormick (Griffey et al., 2005) and annual triticale lines NE95T441 and 'NET422' (Baenziger and Vogel, 2003) . The Chinese winter wheat accession PI 531193 was resistant to all races screened except TTKSK and TRTTF (Supplemental Table S1 ). Spring wheats PI 519847 (Pavon F76) and PI 520054 (Pavon 's'), soft red winter wheat 'NC-Neuse' (Murphy et (Supplemental Table S1 ). Known stem rust resistance genes in McCormick include Sr24 and Sr1RS
Amigo (Griffey et al., 2005) . The gene Sr25 has an expected infection type of 2 or 2+ when inoculated with TTKSK ( Jin et al., 2007) , which alone does not account for the low infection types in NE95T441 (;1 to TTKSK) and NE422T (; to TTKSK) (Supplemental Table S1 ). Therefore the marker for gene Sr25 in these two lines is likely a false positive as the lines in the pedigree of NE422T have not been associated with Sr25. Gene Sr36 has been identified previously in NC-Neuse (Murphy et al., 2004) , explaining the observed resistance. The resistance in TAM 110 is likely contributed by a gene on chromosome 1RS . The marker data for a lack of Sr24 (Supplemental Table  S1 ) agreed with reported susceptibility to a leaf rust isolate avirulent on Lr24 , suggesting that TAM 110 does not have the Sr24 gene. No information on stem rust resistance for triticale PI 386154 was found in the literature, indicating the resistance may be uncharacterized and potentially novel.
Stem Rust Resistance in Partial amphiploids
Thirteen of the 17 families contained one or more lines resistant to TTKSK with highly resistant ratings (0 or ;) with segregation for resistance in eight families (Supplemental Table S2 ). Nine of the 17 families were resistant to all races screened (Fig. 2) . Of the 48 lines, 37 were resistant to TTKSK and 14 were highly resistant with ratings of ; or 0 (Fig. 4) . All but two lines showed resistance to at least one race (Supplemental Table S2 ). None of the lines with two Thinopyrum spp. in their pedigree showed susceptibility (Fig. 4) . Thinopyrum intermedium and T. junceum were the most prevalent Thinopyrum spp. in the amphiploids and showed the widest range in infection types (Fig. 4) .
While almost all amphiploid lines showed resistance to stem rust, some of the resistance may be contributed by annual wheats or previously characterized genes Sr24, Sr25, and Sr26 from wheatgrass. Three amphiploid lines may be sources of novel resistance (Table 3 ). In the B1107 family containing in its pedigree T. turgidum subsp. durum, T. aestivum ('Jagger' [Sears et al., 1997c] or '2137' [Sears et al., 1997a] ), and T. junceum, novel resistance likely is derived from T. junceum. The T. turgidum subsp. durum accession PI 634318, Jagger, and 2137 are not as resistant to TTKSK, TPMKC, or TTTTF and molecular makers do not detect known stem rust resistance genes of Thinopyrum origin. Second, the B1089 family resembles the resistance of T. intermedium PI 314190, ranging in infection type from 0 to ;1-for races QTHJC, TPMKC, and TTTTF. These ratings were lower than those of the annual wheat parents Thunderbolt and PI 573182, which showed susceptibility to these races. Therefore the B1089 resistance was likely derived from the T. intermedium PI 314190 or the T. intermedium Big Flats Plant Materials Center (BFC) line developed at the Rodale Institute, which was not available for this study. Even if marker results for gene Sr24 accurately predict the presence of the gene, there were likely additional genes contributing to resistance other than Sr24, which has an expected infection type of 2 or 2-to TTKSK ( Jin et al., 2007) . Amphiploid B1016(8) demonstrated a third source of potentially novel resistance either from T. ponticum PI 508561 or PI 578681 or triticale NE422T or NE95T441, as Presto did not have resistance to TTKSK. Positive marker results for all three genes Sr24, Sr25, and Sr26 from T. ponticum accessions indicate probable contribution of some resistance to B1016(8). However, the Sr24, Sr25, and Sr26 genes alone would not account for low infection types (0 and ;) in the B1016(8) family, again indicating the presence of additional genes. The three potentially novel sources of resistance identified in this study from 13 wheatgrass accessions, indicate great potential of these species for further wheat improvement.
Fusarium Head Blight Resistance in Thinopyrum Species
Differences were observed among lines for number of infected spikelets, percentage of infected spikelets, and percentage VSK (p < 0.001). All three measures of severity (number of spikelets infected, percentage of infected spikelets, and percentage of VSK) were generally consistent across amphiploid lines indicating any of these measures alone could be used to measure resistance. Resistance based on percentage of spikelets infected was reported because it was the most discriminatory among amphiploid lines. Of the 10 Thinopyrum accessions screened, nine were resistant based on the number and percentage of spikelets infected (Fig. 2) . Because these outcrossing Thinopyrum accessions produced no seed in the greenhouse, the percentage of visually scabby kernels could not be assessed. All T. intermedium and T. junceum lines were resistant to FHB with percentage of infected spikelets ranging from 9 to 38% ( Fig. 5 ; Supplemental Table S1 ). Fusarium head blight resistance has been mapped in T. ponticum to chromosome 7E (Shen and Ohm, 2007) and identified in T. intermedium and T. junceum (Oliver et al., 2005) . Amphiploid lines selected for FHB screening did not contain T. ponticum parents and therefore T. ponticum lines were not screened. Thinopyrum accessions in this study differed from the ones screened by Oliver et al. (2005) and may contain different resistance genes.
Fusarium Head Blight Resistance in Triticum Species
Six of 19 Triticum lines screened were resistant based on all three measures of disease severity (Fig. 2) . Within each Triticum spp., there was a range in percentage of infected spikelets from less than 20% infected in some accessions to greater than 50% infected in other accessions, with the exception of T. turgidum subsp. durum that was only represented by one accession (Fig. 5) . Lines considered resistant based on number of spikelets infected, percentage of infected spikelets, and percentage of VSK included 'Karl 92' (Sears et al., 1997b) , NC-Neuse, Pavon spring wheat PI 519847, T. turgidum subsp. carthlicum lines PI 532505 and PI 573182, and triticale Presto (Supplemental Table S1 ). Although not statistically different from resistant checks, the percentage of infected spikelets was high in Karl 92 (40%) and NC-Neuse (44%) (Supplemental Table S1 ). Results were consistent with other reports of moderate FHB resistance in Karl 92 (Sears et al., 1997b) and NC-Neuse (Murphy et al., 2004) and FHB resistance in Presto (Arseniuk et al., 1999) , PI 532505, PI 532506, and PI 573182 (Oliver et al., 2008) . Resistance to FHB in Pavon F76 spring wheat PI 519847 was not found in the literature. Amphiploid lines are designated by underline followed by Triticum and Thinopyrum parents used to generate the amphiploid. ‡ Polymerase chain reaction-based marker results for stem rust resistance genes Sr24, Sr 25, and Sr26. "+" indicates the same band as the positive check.
Fusarium Head Blight Resistance in Partial amphiploids
Of the 30 amphiploid lines inoculated with F. graminearum, 18 were resistant, six intermediate, and six susceptible (Supplemental Table S2 ). These 30 lines represented 11 families, seven of which were resistant based on all measures (Fig. 2) . Lines within a family were similar in resistance or susceptibility (Supplemental Table S2 ). The level and range of resistance conferred by different Thinopyrum spp. was similar among amphiploid lines (Fig. 5 ) with all three species showing lines with low infection types that could be targeted for future breeding efforts to isolate resistance genes. Three Thinopyrum accessions showed previously uncharacterized resistance (Table 4; Supplemental Table  S2 ). Resistance in the families B875 (17-48% infected), B913 (10-72%), and B1107 (8-46%) was probably at least partially derived from PI 414667 (38% in 2010 and 27% in 2011). Other parents of these crosses, T. turgidum subsp. carthlicum Do1 (100% infected), T. turgidum subsp. durum PI 634318 (62% infected in 2010 and 50% in 2011), 2137 (88%), and Jagger (48 and 76%) were susceptible or intermediate (Table 4) . Additionally, T. intermedium PI 401201 likely contributed the majority of the resistance in amphiploid families B373 and B1146. Plant Introduction 410201 (31% infected spikelets in 2010 and 27% in 2011) had higher resistance than the susceptible wheat lines in the pedigree, 2137 (88%), Jagger (48 and 76%), and TAM110 (60%). Thinopyrum intermedium accession PI 401129 likely contributed the FHB resistance in B938. While T. aestivum PI 520054 showed low percent infection (23%), it did not show low VSK, which was observed in the amphiploid line. McCormick winter wheat is also present in the background of B938 but was not screened in this study. McCormick is moderately resistant to FHB (Griffey et al., 2005) but alone probably could not account for the highly resistant lines in the B938 family.
Wheat is most susceptible to FHB at anthesis (Osborne and Stein, 2007) . Therefore, infertility could slow or prevent spread of infection in an otherwise susceptible line. Sterility was assessed by counting the number of seeds in noninoculated spikes of inoculated plants. No amphiploid lines were completely sterile, but 8 of 30 had low seed production (on average less than five seeds per spike) (Supplemental Table S3 ). Low fertility, however, did not prevent spread of infection. Susceptible lines with low fertility included T. turgidum subsp. carthlicum Do1 (one seed per spike on average) and winter wheat PI 531193 (four seeds per spike on average). Table S3 ). Nine of the 15 amphiploid lines not surviving the first winter contained spring T. aestivum, T. turgidum subsp. carthlicum, or triticale parents, indicating that part of the observed winter kill could be attributed to lack of cold tolerance. Variability among amphiploid lines was apparent with height ranging from 31 to 135 cm and number of heads from 0 to 86 per hill plot. Thousand kernel weights (TKWs) ranged from 3 to 40 g, with a mean of 21 g. The higher TKW of the amphiploid lines were comparable to TKW of contemporary winter wheat cultivars grown in an adjacent field, ranging from 25 to 37 g (data not shown).
Of the 52 amphiploid lines planted in 2009, two partial amphiploids B1016(8) and B1146 (5) (Fig. 1 ) demonstrated both winter hardiness and perenniality as of November 2011 (Supplemental Table S3 ). Line B1016(8) was agronomically poor, with large variation in height among hill plots (78 and 110 cm). The line was largely infertile, averaging 34 heads with only two seeds per plot in 2010. Line B1146(5) was comparatively high yielding with an average of 65 heads and 403 seeds per plot in 2010. Neither line produced any seed in 2011 although B1016(8) produced five heads and B1146(5) produced four heads. The production of seed only in the first year and none in the field in the second year or in greenhouse seed production trials indicate that these lines may be selfincompatible. The parents of these lines, T. intermedium and T. ponticum, are self-incompatible (Wang et al., 2003) .
Wind pollination in the 2010 field, with plants in 58 surviving hill plots, would have been more likely than in the 2011 field season, with only two hill plots surviving. Lack of seed production also could be attributed to linkage between sterility and perenniality, unbalanced gametes in meiosis, or environmental conditions. Lack of fertility may be expected in early generation lines due to genomic instability. Survival over multiple years was not observed in lines more advanced than the F 2 generation. Given the instability of early generation lines and loss of wheatgrass chromatin through selfing, genes conferring perenniality may be less likely to be present in advanced generations.
Genomic Stability
Genetically characterized partial amphiploid lines ranged in chromosome number from 40 to 60, with the majority of families differing in chromosome number and seed set between lines and individual plants ( Fig. 6 ; Supplemental Table S3 ). Chromosome counts from F 3 and F 4 generation families varied between individuals, but the later generation F 7 B373 family were more consistent ( Fig.  6 ; Supplemental Table S3 ). Lines from the B373 family had 56 chromosomes (7 individuals) and 54 (1 individual) (Fig. 7) and showed high seed set (Supplemental Table  S3 ). This family has been independently characterized as stable in addition to other families with 2n = 42, 44, 52, 54, or 56 chromosomes at The Land Institute (S. Wang, personal communication, 2011). The B913 family had 42 chromosomes (Fig. 7) based on six individuals counted from two lines and also showed high levels of seed production (Supplemental Table S3 ). These results indicate this line may be stable although the number of chromosomes and seed production would need to be confirmed over multiple generations. Fifteen of 24 lines were considered unlikely to be stable based on varying chromosome numbers among individuals, chromosome counts differing by more than two from the previously characterized stable counts of 42 or 56, and seed production of less than five seed per head. Genome instability has been attributed to the low chromosome pairing frequency of 4.6% between Triticum and Thinopyrum genomes (Chen et al., 2001 ). Unstable lines could be self-pollinated and selected to achieve stability for use as chromosome addition lines.
CoNCLuSIoNS
This study identified three sources of potentially novel stem rust resistance and three previously uncharacterized accessions with FHB resistance, demonstrating the potential further utility of Thinopyrum spp. to benefit wheat. To use this resistance in wheat improvement, isolation of small introgression segments containing resistance genes would be necessary. A strategy similar to the one described by Niu et al. (2011) could be used by backcrossing alien lines to wheat lines containing the ph1 mutant to induce recombination of homeologous chromosomes. Two of 52 lines showed perenniality in Minnesota after two winters. The lack of seed production of the two surviving lines in 2011 warrants further investigation. Seven lines representing two families showed potential genetic stability. The vast majority of amphiploid lines screened were resistant to stem rust (46/48) and FHB (21/30), indicating that ample variation is present for selection during the development of perennial wheat. The two amphiploid lines exhibiting stem rust resistance and perenniality may be targeted for future perennial wheat breeding efforts for cold climates.
Supplemental Information available
Supplemental material is available at http://www.crops. org/publications/cs.
Stem rust infection types, DNA marker profile, and Fusarium head blight (FHB) ratings of wheat and wheatgrass for parental lines (Supplemental Table  S1 ), partial amphiploids (Supplemental Table S2 ), and agronomic data (Supplemental Table S3 ) are available in supplemental tables.
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